The current trend in semiconductor technology toward smaller device features has led to the narrowing of integrated circuit line width. Increases in chip functionality and chip performance have led to the need for multilevel interconnects. In order to build multilevel interconnects filling high aspect ratio holes reliably in the dielectric is critical. Even though it is possible to create 1 m and smaller size features using current photolithography technology, voidless filling of such features with high quality metal deposit still presents a difficult problem in chip processing.
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The current trend in semiconductor technology toward smaller device features has led to the narrowing of integrated circuit line width. Increases in chip functionality and chip performance have led to the need for multilevel interconnects. In order to build multilevel interconnects filling high aspect ratio holes reliably in the dielectric is critical. Even though it is possible to create 1 m and smaller size features using current photolithography technology, voidless filling of such features with high quality metal deposit still presents a difficult problem in chip processing.
Copper is rapidly emerging as the interconnect metal of choice for the next generation of sub-0.25 m devices. It has superior mechanical properties, lower resistivity, and higher electromigration resistance as compared to aluminum. Electrochemical deposition (electroless/electroplating) of copper is a versatile, inexpensive, and reliable way of filling such high aspect ratio features, and now is one of the most important steps in the metallization schemes using the dual damascene technique. In pulse plating the cathode is the substrate on which metal is to be deposited. A rectangular, sinusoidal, or triangular current waveform may be applied. During the deposition period the current is switched on. Following this the current maybe switched off, i.e., pulse plating or reversed, reverse-pulse plating. Pulse plating has been used extensively in electrodissolution, anodizing, and ac corrosion processes. The advantages of pulse plating are numerous, such as reduction of porosity, 1 lower gas content, 2 high purity, and deposits having low electrical resistance. 3 Furthermore in the case of copper deposition into submicron trenches, plating can be performed at more uniform concentrations (from the mouth to the base of the feature), which leads to greater uniformity in deposits.
Although literature on the pulse plating of copper [4] [5] [6] [7] [8] is abundant, articles are scarce on pulse plating of copper into submicrometer features of large aspect ratio and no model seems to have been reported for dual damascene structures. Hume et al. 9 studied dc plating through polymeric masks for features with small aspect ratios. They studied metallization of features with insulated sidewalls on which no deposition occurred and developed a mass transfer model for dc plating, which is a steady-state problem. The model predicts the rate of deposition for up growth from the bottom of the feature and the shape of the surface advancing upward. They assumed the electrodeposition of a single species from a well-supported electrolyte into features of small aspect ratios.
West et al. 10, 11 have studied the pulse and pulse reverse plating of copper into high aspect ratio vias and trenches. They used linear first-order kinetics and solved the resulting 1D model equations for a few typical values of the parameters. They concluded that in order to minimize the void size the off time should be of the order of the diffusion time constant and the deposition time, t on , should be smaller than the diffusion time constant. They also concluded that reverse current should significantly improve the deposit characteristics inside the trench. Takahashi and Gross have studied the transport phenomena that control electroplated copper filling of submicrometer vias and trenches. 21 In the present work mass-transfer models are developed to identify parameters of importance and guide experimental investigations. Experiments are compared to model profile simulations to determine the efficacy of the models. Both one-and two-dimensional models have been developed and the 2D model simulation were performed with both straight and slanted walls.
Theory
Figures 1a and b are schematic diagrams of a plating tool and the feature scale system considered here. The hydrodynamics external to the wafer can take various forms, the purpose of which is to supply copper to the wafer surface and the trench. The cathode initially consists of a rectangular or a slanted wall trench with a seed layer of copper to conduct the current. The following assumptions are made 1. Convective effects in the reactor space external to the feature are included by making use of the boundary layer theory. The effects of the bath hydrodynamics external to the wafer are included by assuming that the value of the mass-transfer coefficient in Eq. 13 is determined by the hydrodynamics in the reactor space.
2. A well-supported electrolyte is assumed, i.e., it is assumed that there are enough ions in the plating bath to conduct the current. Hence the contribution of electromigration to transport (conduction of current by copper ions) is small. Moreover since the length scales are submicrometer the solution to the potential field is not necessary (the Wagner number is of the order of 10 4 and hence the nonuniformities in the potential field are not significant).
3. The waveform is rectangular with an on period (0 Յ t Յ t on ) during which current is passed and deposition occurs followed by an off period (t on Յ t Յ t p ) during which no current is passed and pure diffusion occurs (Fig. 2) . The corrosion rate for the very short off times considered is negligible. Moreover, the alkaline bath studied in this paper is buffered. During the on period, transport in the region inside and adjacent to the trench is determined by a 2D unsteady-state diffusion (Eq. 1), along with the appropriate initial and boundary conditions, Eq. 2-5. For the differential equation one has [1] The initial condition is c(x, y, 0) ϭ c ϱ in ohms [2] The flux from the bath to the feature is given by [3] and on the surface of the deposit one has i ϭ nиzFDٌc [4] with the boundary condition at the symmetry plane being
Note that Eq. 1 to 4 apply to an arbitrary geometry which may include features with either vertical or slanted walls.
The time derivative in Eq. 1, in contrast to models of dc plating or chemical vapor deposition (CVD), is needed because one has both on and off periods in pulse plating. To couple the feature scale model shown in Fig. 1b to the reactor scale model an approach similar to boundary layer theory is used. J is the flux of the reacting species at the inlet, y ϭ l l , to the control volume of the feature. The control volume is large compared to the feature and small with respect to the reactor. Therefore the lengths l l and l w are much larger than the feature size, 2 w 0 , but much smaller than the reactor dimensions, l R . The control volume plays the role of the boundary layer and l l /w 0 tends to ϱ in the feature scale model. The reactor is similar to the potential flow and l l /l R tends to 0 in the reactor model. Hence J is determined to be the flux at the wafer surface from the reactor model. This coupling between the reactor model and the feature scale model is accomplished here by using Eq. 13. This eliminates the need to obtain a separate solution for the complex reactor scale model (as illustrated in Fig. 1a) .
The mass-transfer problem described in the Eq. 1-5 is coupled to the growth of the deposit inside the trench by [6] t ϭ 0 S ϭ 0 It is assumed that a single cathodic deposition reaction occurs and that the current density normal to the cathode surface is described by the concentration-dependent Tafel equation, Eq. 7 (the activation energy is reflected in the exponential function of Eq. 7 as ␣F s ) [7] As stated later experiments indicate Х 0.76, which is used in the numerical calculations. However, ϭ 1.0 is used in the analytical solution. During the on period of the cycle, the applied potential on the cathode V T , with a large copper counter electrode is a constant, 11 and is the sum of the ohmic potential drop in the electrolyte phase (negligible for submicrometer geometries), surface overpotential, s , and concentration overpotential, c , within the mass-transfer region Note that the growth rate depends on i, which is a function of position in the trench. Therefore both the thickness (velocity) and the shape of the deposit must be determined as part of the solution so that this is a free boundary problem. The system of Eq. 1-9 completely specifies the transient 2D mass-transfer problem during the on period. During the off period only diffusion occurs and there is no deposition. Thus concentration gradients relax, and the concentration inside the trench increases and tends toward the value in the reactor space external to the wafer. This reduces the variability in the growth rates inside the trench thus improving the step coverage.
For the off period, Eq. 1, 2, 3, and 4 remain valid and i in Eq. 5 equals 0. However the initial condition for the off period is the final condition for the on period c(x, y, t) ϭ c(x, y, t on ) in ohms [10] During the off-period the profile in Eq. 10 relaxes and becomes more uniform. As no deposition occurs during this period, the thickness of the deposit does not change
t on is the period during which the current is turned on and t p is the total pulse period. Equations 1-11 completely specify the mass-transfer processes occurring during one pulse period of length t p . The ratio, t on /t p , is a parameter of the problem called the duty factor, DF. We have solved this 2D nonlinear free boundary problem for both vertical and slanted wall features and report some of the results here for the pseudo-steady state. However its solution requires a complicated and time-consuming numerical strategy. Therefore to get a broader prospective of the results we simplified the problem to obtain important trends, for which the following assumptions are made: (i) The depth of the feature is assumed to be large compared to its width, i.e., the aspect ratio is assumed to be large. (ii) Since the dimensions are sub-0.25 m and the aspect ratio is assumed to be large, the concentration variations across the width of the trench in the x directions, are small.
Therefore the concentration in the x direction can be represented by the average concentration, c av , which is defined in Eq. 12 as [12] Equations 1-5 can be integrated using the Liebnitz rule 12 to reduce the 2D problem to a 1D problem. The flux J, in Eq. 3, from the reactor space into the control volume is assumed to be given by Eq. 13
k m is the mass-transfer coefficient governing the mass transfer from the reactor space into the feature. As indicated, J, and thus the masstransfer coefficient, can be determined by solving the reactor space problem and determining the flux to the wafer surface. The model equations are made dimensionless by defining the following dimensionless variables 13 [14] We defined the following dimensionless parameters, 
The physical significance of these parameters is described in Table I . Using the dimensionless parameters mentioned above the 1D unsteady-state model equations for the on period become [16] c 1 (y 1 , 0) ϭ 1.0 in ohms [17] [18]
[19]
Equations 16-19 differ from those used by West et al. 10 in that the exponent of c 1 in Eq. 16 is about 0.76 and the external fluid dynamics are encapsulated in the value of Sh in Eq. 18. The growth of the copper deposit on the sidewalls and at the bottom of the trench is obtained by substituting Eq. 9 in Eq. 8 to obtain s that is then used in Eq. 7 and the result is introduced in Eq. 6, which in dimensionless form becomes
Equation 20 gives the relationship between w and t in dimensionless form. The model equations for the off period are [21] [24]
No deposition occurs during the off period. Equations 16-24 completely specify the mass transfer for the first period. For subsequent periods the initial condition for the off period changes to correspond to those at the end of the preceding on period.
Analytical model.-An analytical model has been derived by neglecting the effect of the free boundary and by considering large values of t p so that is small and one can assume pseudo-steady state. For simplicity linear kinetics are assumed. These assumptions make the problem linear and enable one to obtain an analytical solution that indicates trends well and provides more physical insight on how the parameters interact. Under this set of assumptions, Eq. 16-19 become
[25]
[26]
[27]
The above set of Eq. 25-27 can be solved in terms of hyperbolic sines and cosines. The solution along with special cases is discussed in the Appendix. The 2D and 1D models are considered in the following two subsections.
Numerical Solution of the 2D and 1D Models 2-D model.-In the 2D model, Eq. 1-9 are solved assuming the del operator is 2D and the shape and position of the deposit is a part of the solution. This 2D free boundary mass-transfer problem is solved by using an adaptive finite element scheme based on the Galerkin approximation. 13 The procedure used here is an adaptation of the approach used by Ganguli et al. 13 to solve for the filling of trenches by CVD, which has much in common with electroplating. The initial mesh is generated by the TRIGEN subroutine of the PLTMG software. 14 Following this the concentration distributions are calculated by solving the system of nonlinear equations by Newton iteration 15, 16 and the hierarchical basis multigrid iterations 17, 18 that result from the finite element formulation. The thickness of the deposit on the sidewalls and bottom of the trench and on the wafer surface external to the trench are then evaluated. A new mesh for the
finite element analysis is generated after calculating each thickness profile. Thus the shape of the deposit is determined continuously in the feature and on the wafer external to the feature. This is continued till closure of the trench.
1D model.-In the case of the 1D unsteady-state model the dimensionless nonlinear model Eq. 16-24 for the on and off periods (which are coupled through the initial conditions) are solved using an explicit finite-difference scheme. 12 The time steps are chosen to ensure the stability of the finite-difference scheme. The concentration profiles are first evaluated; following this the thickness of the deposit inside the trench is calculated by integrating Eq. 20. Integration of Eq. 16 is carried out until the end of the on period, DF, following which Eq. 21-24 are solved using the same procedure for DF Յ t 1 Յ 1.0, , ␣, and z 19 were assumed to be 0.58, 0.36, and 2 in both 1D and 2D simulations and these values are used in Eq. 20 and thus the exponent on c 1 is approximately 0.76 and in the analytical model is taken to be unity.
Results and Discussion
The aim of this work is to develop three models of varying complexity, apply them to problems of importance in integrated circuits such as dual damascene structures, and compare them with appropriate experiments. The analytical model yields closed form solutions which were used to guide the more complex free boundary 1D and 2D models in which determining the shape and growth rate of the deposit are important parts of the solution. This paper also discusses how the gap filling or step coverage can be improved inside damascene features viz. by (i) suitable selection of the plating conditions and (ii) slanting of the sidewalls of trenches. Both single and dual damascene structures are considered, and the vertical and horizontal scales are different in some figures.
Analytical model results.-To guide the numerical calculations and to obtain physical trends from the model without excessive numerical computations the analytical model is used first. Analysis of the three limiting cases of the analytical model (Appendix A; Table II) shows that the step coverage is a strong function of the parameter A 2 . Since the aspect ratios are becoming larger and the critical dimensions smaller, in order to obtain acceptable step coverage smaller polarizations, i.e., current densities need to be used. Moreover since the mass-transfer inside the trench is coupled to that in the bulk (through the Sherwood number, Sh) the plating tool flow and geometry also need to be optimized so that the mass-transfer rates are high. This would ensure a sufficient supply of the depositing species throughout the trench leading to less variability in the growth rates and hence better step coverage. This would also reduce wafer scale nonuniformity of the copper deposits.
Step coverage and the deposition rate (for dc plating) are plotted as a function of , the polarization parameter, in Fig. 3 to show the trends involved. The analytical model gives a useful qualitative picture of the competition between the gap filling and the deposition rate. As polarization increases the step coverage decreases; however, the deposition rate increases. An increase in polarization indicates that the deposition rate on both the sidewalls and on the base of the trench has increased more quickly than the rate of mass transfer. This leads to a steeper concentration gradient inside the trench, which in turn leads to larger growth rates at the trench mouth than at the base, resulting in larger voids. Polarization increases with increasing current density and since the growth rate is directly proportional to the current density, the growth rate increases with increasing polarization. Clearly, there is a trade off in obtaining high deposition rate and gap filling and the question is what is the best set of plating parameters for the process. The analytical model does not account for nonlinear kinetics or the movement of the boundary with time. Therefore the analytical model predicts trends well but gives optimistic estimates of gap filling. Figure 4 shows the evolution of the deposit inside the trench for a case where a significant keyhole develops at closure. At small times the deposit is nearly conformal; however the formation of a substantial keyhole can be seen at times close to closure. This occurs because the effective aspect ratio increases as the deposit thickens, which increases the mass-transfer resistance. Thus conformal coverage along the trench at the beginning does not provide step coverage close to unity at the end of the deposition process. Consequently numerical experiments need to be performed to closure, or close to closure, in order to obtain good estimates of the final gap fill. Figure 5 compares the step coverage obtained from the analytical model (Eq. 31) to that calculated from the 1D and 2D numerical models.
2D model results.-
Step coverage from the 1D model has been obtained for large pulse periods (t p ϭ 100 ms; ϭ 5.4 ϫ 10 Ϫ4 ; therefore the accumulation term in Eq. 16 is small) at different stages during deposit evolution (10, 50, and 100% closure) and from the 2D model at 100% closure. The analytical model predicts step coverage well for small A 2 values and at the early stages during deposit evolution (till ϳ50% closure); however the step coverage at closure is substantially different. As the trench moves to closure the height of the trench becomes much larger than its width. Therefore the effect of the free boundary becomes more and more prominent. This effect is greater for large polarizations and aspect ratios as they induce a large concentration gradient inside the trench. Thus the analytical model may be used to obtain a reasonably accurate estimate of the step coverage without excessive computations. Furthermore 1D and 2D numerical model results (at closure) are in good agreement. Hence the 1D model may be used to estimate the gap filling in place of the 2D model (which requires a sophisticated finite element solution) to obtain important trends.
Copper plating into damascene features.-In single damascene processing the via and interconnect interlevel metal dielectric (IMD)
etching and copper CMP are done separately. 20 This requires two separate metal deposition and CMP steps. The advantage of this process is that the lithography is done on a planar surface, and the process incorporates the lowest possible aspect ratio reactive ion etching (RIE), metal fill, and CMP. In dual damascene the via and interconnect processing are combined with sequential patterning followed by one metal deposition and CMP. 20 The advantage of dual damascene is that fewer process steps are required. The disadvantages are that the lithography may be done on nonplanar surface and the aspect ratio is twice as large for the RIE, metal fill, and CMP. Figure 6 shows 2D model results for copper plating into dual damascene features in which model results with different via aspect Step coverage is plotted as a function of the parameter A 2 .
S0013-4651(99)08-029-5 CCC: $7.00 © The Electrochemical Society, Inc. ratios are compared. The controlling factor is the aspect ratio of the lower narrower trench. When this via aspect ratio (A ϭ 5.5:1; Fig. 6a ) is large a void is formed. On the other hand, complete filling is obtained when the via aspect ratio is small (A ϭ 2:1; Fig. 6b ). This further demonstrates that complete filling of the entire damascene structure is assured if the lower portion is used as the criterion. Further improvement can be obtained by slanting the walls of the lower portion, as shown in Fig. 12. 1D model results.-There are interesting interactions between the pulse period and the duty factor. Figure 7a shows the effect of the pulse period for varying duty factors for a given polarization and aspect ratio, i.e., A 2 . For large pulse periods (t p ϭ 100.0 ms) the duty factor has little effect on the step coverage, and the step coverage is determined by the value of A 2 . This is similar to the result obtained from the analytical model, where the step coverage parameter is a function of A 2 (i.e., of the current density and the aspect ratio). The effect of the duty factor is much more pronounced when small pulse periods are used (t p ϭ 1.0 ms). Therefore greater control of the deposition process is obtainable with smaller pulse periods thus giving better step coverage. Figure 7b shows that an asymptote is reached giving the best in the step coverage as a function of the deposition rate for varying pulse periods and duty factors. At high pulse periods (>20 ms) the curve is flat and the effect of pulsing is negligible. However on decreasing the pulse period (ϳ2 ms) there is a large increase in the step coverage as one decreases the duty factor. On further reducing the pulse period (ϳ1 ms), there is an increase in the step coverage; however the increase is not as large. Indeed an asymptote is reached with respect to the pulse period near t p ϳ 0.5 ms and the step coverage and deposition rates do not improve with decreasing pulse periods below this value. If the choice of parameters is based on the feature with the largest aspect ratio, operation at this pulse period will ensure the filling at an optimal rate. Even though this is not an ideal mode of deposition for all of the features in complex architectures it will ensure complete filling of the critical dimension vias and trenches and will be optimal for the overall structure. An approach that fills the feature that is most aggressive insures a minimum number of voids.
According to the West et al. 10 criterion, in order to obtain good filling the deposition time must be smaller than the diffusion time constant, so that /DF >> 1. However, this is an over simplification since it does not consider the effect of the polarization, which has a very strong influence on both the step coverage and the deposition rate. An order of magnitude analysis of Eq. 16 suggests that /DF >> 1 for good gap filling. Figure 7c shows the variation of step coverage and deposition rate as a function of /DF for two different polarizations, ϭ 0.0015 and ϭ 0.003. As /DF increases step coverage increases; however the deposition rate decreases. At a particular value of /DF the two curves intersect. This crossover point represents the point of optimal plating, i.e., a reasonable tradeoff between good filling and good deposition rate. Plating conditions corresponding to this point would ensure good step coverage along with reasonable deposition rate. It is also important to note that the difference in step coverage obtained at the crossover point for the two polarizations (which differ by a factor of two) is small. Hence the cross over point is a relatively weak function of . Figure 7d shows similar curves for two different , ϭ 0.027 and ϭ 0.0135. Again we see that the crossover point is a weak function of . Hence the trade-off between the step coverage and the deposition rate may be correlated well by a single parameter /DF. Figure 8 shows the deposit shape inside the trench for different sets of parameters viz. the duty factor, DF, the polarization, , and, , the diffusion number. An aspect ratio 0f 4:1 and a feature size of 0.18 m have been chosen for simulations. Figure 8a and b compares the gap filling for different duty factors (DF ϭ 0.1 and DF ϭ 0.9), and significantly better gap filling is obtained for a lower duty factor. Since the deposition occurs for a shorter time a smaller concentration gradient is obtained inside the trench, which ultimately leads to better fill. Figure 8c and d compare the filling for large and small values of the polarization. A large polarization leads to a large mass-transfer resistance that results in large keyhole formation at closure. Similarly Fig. 8e and f show the effect of the diffusion number. A large diffusion number (which corresponds to a long period ϳ100 ms) leads to poorer gap fill. Moreover, as shown previously, for long periods the duty factor has a negligible effect (Fig. 7a) . Hence it is desirable to perform plating at small periods, duty factors, and polarizations. However, it is important to note that large values for each of these parameters will result in better deposition rates. Thus the plating conditions should be chosen in such a way so as to obtain both good gap fill and high deposition rate. Note that in order to simulate the penetration of the keyhole into the surface film it was assumed that the growth of the film on the wafer surface is approximately equal to that at the trench entrance. The surface film is subsequently removed by chemical mechanical polishing (CMP).
Results
In order to test the mathematical models developed, a number of electroplating experiments were performed. The experiments, shown in Fig. 9-12 , were performed in an alkaline bath of 0.08 M cupric sulfate, 0.15 M ammonium sulfate, and 0.2 M ammonium hydroxide 
with 0.004 M ethylenediamine added as a leveler. The copper ion concentration is fixed so that complete complexing occurs. The use of a complexing agent reduces the transport problem associated with free copper ion, since the local concentration of copper is determined by the equilibrium between the copper-ammonia complex and dissociated copper ion.
Experiments were performed on sections of p-type patterned wafers that were oxidized at 1050ЊC for 1.25 h to produce a 700 nm layer of silicon dioxide. Prior to electroplating, a 30 nm copper seed layer was deposited by sputtering. The test structure exhibited a feature size of 0.5 m, a pitch of 1.0 m, and an aspect ratio of 2:1. The feature walls were slightly slanted, with the inclination to the vertical being about 2-4 0 . This small degree of slanting is accounted for in the 2D model. Electrodeposition was performed with a copperphosphorus anode (parallel to and facing the cathode) with the wafer section held stationary in the plating solution. The plating solution is agitated using a magnetic stirrer. Plated wafers were cleaved across the features to examine cross sections by scanning electron microscopy (SEM) and by focused ion beam (FIB) SEM. Plating was performed with a monotonic direct current at an applied potential of Ϫ750 mV vs. the saturated calomel electrode (SCE) and by applying this potential for 90, 9, or 0.9 ms with an off period, at the opencircuit potential of 10, 1, or 0.1 ms (pulse plating). An applied potential of Ϫ750 mV (SCE) corresponded to a cathodic current density of approximately Ϫ15 mA/cm 2 . The current transient observed for this system was more than an order of magnitude less than the shortest pulse utilized, i.e., the transient was not detected by the digital data acquisition system.
The quality of the copper deposit obtained by electroplating is important. Figure 9 shows FIB images of cross sections of deposits plated on blanket wafers under direct current (Fig. 9a ) and pulse plating conditions (Fig. 9b) . In both cases large grained, defect-free copper deposits of uniform thickness are produced. No interface was observed between the copper plate and the seed layer. Figure 10 shows the resistivity of the copper deposits measured using a fourpoint probe. Resistivity was measured before and after annealing at 250ЊC for 30 min. Copper resistivity is close to the bulk single-crystal value indicating incorporation of only minimal quantities of impurity.
In order to follow the evolution of feature filling progressive plating experiments were performed as a function of time over a total time interval of 180 s. Therefore, copper-patterned wafer specimens were plated as above, but were observed at regularly spaced time intervals, e.g., 30 s apart. For a given specimen, subsequent layers of plating tape were placed over the patterned area corresponding to the succession of plating times. After each plating time interval, the specimen was removed from solution, rinsed, and dried; a layer of tape was removed and the specimen was introduced back into the solution. This allowed the progressive plating behavior on a particular specimen to be observed through SEM images. No residues from the plating tape were observed either electron optically or by energy dispersive X-ray analyses, and no interface was detected between consecutive layers of the plated copper. Figure 11 shows the filling of features as a function of time for two plating conditions. used. Table III compares experimentally obtained gap filling to the gap filling (percentage of feature volume filled) from the 1D and 2D models. Gap filling for dc plated features is 96% and that obtained from the 2D model is 93%. The gap filling for pulse-plated features is nearly 100% and the 1D model predicts a gap filling of 95% for the same. The model results are in reasonable agreement with experimental observations. The slightly higher experimental gap filling may be attributed to the presence of the copper complex in the alkaline plating solution. Since the solution is buffered, the complex dissociates in a way as to drive the concentration of the plating solution toward the equilibrium bulk solution value. This reduces the concentration gradient inside the trench, which improves gap filling. Figure 12 compares 2D model results to dc experimental deposit profiles inside submicrometer features with a slope of about 2 0 -4 0 . For illustrative purposes 2D profile simulations have been done for features with different sidewall slopes. Figures 12b, c, d , and e show that gap filling is best for features with a greater sidewall slope (nearly 100% filling) and poorest for rectangular features (approximately 82% filling). Sloped wall features have variable areas, which increases the accessibility of the base of the trench to the diffusing copper ions thereby reducing the mass-transfer resistance. Moreover 
Conclusions
The analytical model suggests that the step coverage can be correlated well with a single parameter, A 2 , and that there is a trade-off between good step coverage and high deposition rates. Comparison of Eq. 31 with the 1D and 2D free boundary models shows that the analytical model predicts step coverage well for up to about 50% closure; however the step coverage at closure is significantly different.
From the numerical analysis of the 1D unsteady-state mass-transfer model, it is shown that there is a complex interaction among , the diffusion number, , the polarization, A, the aspect ratio, and DF, the duty factor. Large polarization and aspect ratios lead to deposition that is mass-transfer controlled which results in keyhole formation. When deposition is kinetically controlled (i.e., for low values of the polarization and aspect ratio) conformal deposits are obtained. When long pulse periods are used (i.e., t is small) the duty factor has a negligible effect on the gap filling, and the step coverage is determined mainly by polarization and the aspect ratio (i.e., by A 2 ). Good gap filling can be obtained by using short periods (ϳ1 ms) along with small duty factors and polarizations. A new criterion, based on the plating parameters , , and DF has been developed. The dimensionless parameter /DF correlates the trade-off between the deposition rate and step coverage well. Plating conditions corresponding to the crossover point between step coverage and deposition rate, which corresponds to a single value of /DF, will give good gap filling and deposition rate.
The evolution of the profiles up to closure is demonstrated by the 2D model including the development of shoulders at the mouth. Also, 2D model profiles for sub-0.18 mm dual damascene features show that the aspect ratio of the lower portion is critical in determining the gap filling inside the entire structure. For large via aspect ratios, the features show void formation whereas complete filling is obtained when the aspect ratio of this part is small.
Copper plating experiments have been performed using an alkaline bath. DC, and pulse plating experiments have been performed with the alkaline bath on both blanket specimens as well as submicrometer features to study the copper deposition. Large grained, defect-free and near-bulk resistivity copper deposits have been obtained for both dc and pulse plating. Sequential plating experiments also have been performed to study the growth of the copper deposit inside the trench as the fill evolves toward closure. The experimental gap filling from pulse and dc sequential plating experiments was compared to 1D and 2D model results and found to be in good agreement. DC experimental gap filling was compared to model results and found to be in good agreement and the 2D model shows the benefits of slanting the walls of the feature. Pulse-plating experiments show that the deposit quality and gap filling are improved by pulsing with short periods.
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Appendix
The solution to Eq. 25-27 is given by [A-1] where the constants a 1 and a 2 are given by
The deposition rate is given by [A-3] The step coverage parameter is defined as the thickness of the deposit at the base of the trench to that at the mouth, which is simply the ratio of the concentrations at the bottom and top of the trench (from Eq. A-3), i.e. 
